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Abstract

We examined whether swimming and
inking, two defensive responses in Aplysia
fasciata, are facilitated by a classical
conditioning procedure that has been
shown to facilitate a third defensive
response, respiratory pumping. Training
consisted of pairing a head shock (UCS)
with a modified seawater (85%, 120%, or pH
7.0 seawater—CSs). Animals were tested by
re-exposing them to the same altered
seawater 1 hr after the training. For all three
altered seawaters, only respiratory pumping
is specifically increased by conditioning.
Swimming is sensitized by shock, and
inking is unaffected by training, indicating
that the conditioning procedure is likely to
affect a neural site that differentially
controls respiratory pumping. Additional
observations also indicate that the three
defensive responses are differentially
regulated. First, different noxious stimuli
preferentially elicit different defensive
responses. Second, the three defensive
responses are differentially affected by
shock. Inking is elicited only immediately
following shock, whereas swimming and
respiratory pumping are facilitated for a
period of time following the shock. Third,
swimming and respiratory pumping are
differentially affected by noxious stimuli
that are delivered in open versus closed
environments. These data confirm that
neural pathways exist that allow Aplysia to
modulate separately each of the three
defensive behaviors that were examined.

Introduction

Neural circuits controlling withdrawal reflexes
and other defensive behaviors in Aplysia are used
as model systems for examining the cellular mecha-
nisms underlying learning and memory (for re-
view, see Carew and Sahley 1986; Byrne 1987; By-
rne and Kandel 1996). Aplysia defensive behaviors
are affected by a variety of associative and nonas-
sociative learning paradigms. One training para-
digm, termed ‘‘learned fear,’’ facilitates a number
of defensive behaviors but also inhibits feeding,
indicating that learning probably occurs by modu-
lating a central motivational state (Walters et al.
1981). Other training paradigms affect only a par-
ticular defensive response, sometimes only a re-
sponse to a very localized noxious stimulus (Carew
et al. 1971, 1983; Scholz and Byrne 1987; Walters
1987), indicating that they probably occur by
modifying only lower level circuitry that controls a
specific aspect of behavior. Examining whether a
particular learning task affects a number of defen-
sive behaviors in synchrony or affects only a par-
ticular aspect of a single defensive response can
provide insight into the neural sites at which the
learning occurs and the possible cellular mecha-
nisms underlying the learning.

The present study examines whether a classi-
cal conditioning procedure that was shown previ-
ously to affect one defensive behavior in Aplysia
fasciata, respiratory pumping, also affects other
defensive behaviors. If the training procedure af-
fects respiratory pumping and other defensive re-
sponses in tandem, it is reasonable to hypothesize
that the primary neural site affected by learning is
a higher order motivational center that regulates
many defensive behaviors. In contrast, if the train-
ing procedure only modifies respiratory pumping,
the learning is likely to be localized to lower level1Corresponding author.
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neural circuitry that is concerned with regulating
only a subset of defensive behaviors.

Previous studies in our laboratory showed that
increases and decreases in seawater concentration
(Levy et al. 1993), as well as an increase in seawa-
ter pCO2 that is measured by a decrease in pH
(Levy et al. 1989), elicit increases in the rate of
respiratory pumping in A. fasciata. A number of
observations supported the conclusion that respi-
ratory pumping in response to these stimuli does
not have a respiratory or a volume regulatory func-
tion but, rather, is a defensive response (Levy et al.
1993). First, the temporal patterning of respiratory
pumping in response to these altered seawaters is
similar to that in response to a noxious stimulus,
head shock (Levy et al. 1993). Second, surgical pro-
cedures that block the increased respiratory pump-
ing in response to changes in seawater concentra-
tion increase the ability of an animal to maintain its
volume rather than decreasing it (Levy and Suss-
wein 1993; Levy et al. 1993). Third, respiratory
pumping in response to an increased pCO2 is as-
sociated with a decrease in oxygen consumption
rather than with an increase (Levy et al. 1989).
Fourth, increases and decreases in seawater con-
centration also elicit escape locomotion and ink-
ing, bona fide defensive responses (Levy et al.
1993). Fifth, a classical conditioning procedure in
which a noxious stimulus (head shock) is paired
with a subthreshold exposure to an altered seawa-
ter causes a pairing-specific increase in respiratory
pumping in response to these stimuli an hour fol-
lowing the pairing (Levy and Susswein 1990; Levy
et al. 1994b).

In this paper we examine whether a training
procedure that leads to pairing-specific increases
in respiratory pumping when animals are stimu-
lated with an altered seawater conditioned stimu-
lus (CS) also causes increases in other defensive
responses, such as swimming and inking. Previous
studies have suggested that somewhat different
neural pathways, which use different neurotrans-
mitters, may be activated in response to a variety of
altered seawaters that can modulate respiratory
pumping (Levy and Susswein 1993). For this rea-
son, it was of interest to determine the effects of
training on a number of different altered seawaters.
We report that similar pairing-specific effects are
seen when the CS is an increase in seawater con-
centration, a decrease in concentration, or a de-
crease in pH. For all three CSs, pairing-specific ef-
fects are restricted to respiratory pumping, sug-
gesting that the primary events underlying the

learning are restricted to the neural circuitry con-
trolling this behavior.

Materials and Methods

Most of the data reported in this paper were
collected along with data that have been reported
previously on the effects of altered seawaters on
respiratory pumping (Levy et al. 1989, 1993) and
on learned changes in these effects (Levy and Suss-
wein 1990; Levy et al. 1994b). We now report ad-
ditional data collected along with those previously
reported on two additional defensive behaviors,
swimming and inking. In addition, much of the
earlier data on respiratory pumping were reana-
lyzed to provide a direct comparison with the data
on swimming and inking. A small number of addi-
tional experiments were also performed, to supple-
ment the data that were already available from the
previous experiments.

Data were combined from experiments using
identical treatments, which were performed at dif-
ferent times. Cursory examination of the data
showed no differences in the results obtained. For
most treatments, combining data provided us with
very large ns, thereby adding to the reliability of
the findings.

ANIMALS

A. fasciata weighing 80–160 grams were col-
lected along the Mediterranean coast of Israel. Ani-
mals were stored in 940-liter tanks of aerated, fil-
tered Mediterranean seawater at 19°C with lighting
at Light/dark periods of 12:12 and were fed two to
three times weekly with Ulva lactuca that was
gathered along with animals and was stored frozen.
Experiments were performed from 1 week to 1
month after the animals were collected.

PREPARATION OF DIFFERENT SOLUTIONS

Concentrated seawaters were prepared by
boiling natural Mediterranean seawater to make a
200% stock solution and then diluting the stock
solution with 100% Mediterranean seawater, to
end up with solutions varying from 110% to 140%
seawater. Solutions of 75%–90% seawater were
prepared by diluting Mediterranean seawater with
deionized water. The concentration of seawater
achieved was measured with a refractometer
(Tamco Industries).

Levy and Susswein
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Low-pH seawaters were prepared by bubbling
CO2 into the water. The pH achieved was moni-
tored by a feedback loop that controlled the rate of
bubbling. The apparatus used to control pH has
been described previously (Levy et al. 1989).

MEASUREMENT OF BEHAVIORS
AND STATISTICAL TESTS

On the day of an experiment, animals were
transferred to a 400-liter tank of aerated, filtered
Mediterranean seawater at 19°C. At the start of
each experiment, the animals were transferred to
8-liter experimental aquaria in which their behav-
iors were observed.

Respiratory pumping, swimming, and inking
movements were observed visually. The intensity
of a movement was not monitored. A contraction
of the parapodia, mantle, and siphon not elicited
by an external stimulus was classified as a respira-
tory pump. A secretion of a purple substance was
classified as inking. Parapodial flapping with the
foot not attached to the substrate was classified as
swimming.

For respiratory pumping, the number of
pumps observed for a 10-min test was determined.
Thus, for this behavior, parametric statistical tests
could be used (either t-tests or one-way analyses of
variance, followed by multiple-comparison tests).
For swimming and inking, in experiments in which
the animals were trained and in experiments mea-
suring threshold, the presence or absence of swim-
ming or inking at any time during the 10-min test
was noted, but the length of time devoted to the
behavior or the number of bouts of a behavior
were not noted. Thus, each 10-min test provided
only a single yes–no observation of swimming or
inking, and parametric tests could not be used. x2

tests were used to determine whether swimming
or inking was changed by an experimental proce-
dure. In some cases, groups were combined to pro-
vide larger ns when testing swimming and inking,
whereas the groups were tested separately when
using parametric tests on respiratory pumping. For
observations in open versus closed environments,
the length of time spent swimming was measured,
and therefore, t-tests were used.

TRAINING PROCEDURE

The training procedures are illustrated in Fig-
ure 1. The control rate of respiratory pumping be-

fore training was measured during a 10-min immer-
sion in an 8-liter aquarium of normal Mediterranean
seawater (100%, pH 7.8 seawater). The animals
were then transferred to a second chamber, where
they received one of four training procedures,
which are described below. The animals remained
in the training chamber for 5 min, and during this
period, all incidence of inking and swimming were
noted, but the number of respiratory pumps was
not recorded, because in many cases animals
inked, and the number of pumps could not be
counted reliably. At the end of this period, the
animals were transferred to a new chamber of
100% seawater. They remained in this chamber for
1 hr. Respiratory pumping, swimming, and inking
were noted during the first and last 10 min of this
hour. At the end of the hour, animals were trans-
ferred to another test chamber, where they were
tested by exposure to one of three altered seawa-
ters (85%, 120%, or pH 7.0). Each animal was
tested with only one of these stimuli and was not
subsequently reused. For animals that were ex-
posed to an altered seawater during the training
(paired, unpaired, or CS alone—see below), the
altered seawater during the test was the same as
that during the training. Respiratory pumping,
swimming, and inking were measured during a 10-
min exposure to this stimulus.

Handling the animals was minimized when ani-
mals were transferred from one chamber to an-
other. The animals were transferred by placing a
plastic mesh cage underneath them, lifting the
cage out of the chamber, and then placing it into
the second chamber, where animals were released.
Control experiments (n = 10) in which animals
were transferred between containers of 100% sea-
water showed that the transfer alone did not elicit
defensive behaviors.

The four training procedures were as follows
(1) Paired: Aplysia were placed in one of three
altered seawater solutions (85% seawater, n = 16;
120% seawater, n = 17; and pH 7.0 seawater,
n = 15) for 5 min. The altered seawaters represent
the CS. At 2.5 min after being placed in this sea-
water, the animals received a series of shocks to
the head. Shock was the unconditioned stimulus
(UCS). (2) CS, UCS, unpaired: Animals were trans-
ferred to one of the altered seawater CSs for 5 min
(for 85% seawater, n = 16; for 120% seawater,
n = 17; and for pH 7.0 seawater, n = 13). They
were then transferred to 100% seawater and there
received the UCS (shock). (3) UCS (shock) alone:
Animals were transferred to normal (100%) Medi-
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terranean seawater and there received only the
UCS (shock) 2.5 min after being transferred (for
animals subsequently tested in 85% seawater,
n = 12; for animals tested in 120% seawater,
n = 14; and for animals tested in pH 7.0 seawater,
n = 23). (4) CS (altered seawater) alone: Ani-
mals were transferred to one of the altered seawa-
ter CSs but were not stimulated with the UCS,
shock (for 85% seawater, n = 8; for 120% seawater,
n = 8; and for pH 7.0 seawater, n = 8).

Shocks were delivered by touching to the head
(between the rhinophores) a bipolar platinum elec-
trode. When the head withdrew, the experimenter
followed it, so that the electrode maintained con-
tact with the head. Shocks were delivered as a 30-
sec train of 50-mA AC pulses at 0.33 Hz (1.5-sec
pulse width).

BLIND PROCEDURES

In approximately half of the experiment in
which animals were trained, both training and test-
ing were done using blind experimental proce-
dures (see Levy and Susswein 1990; Levy et al.
1994b). For blind training, shocks were delivered
without the experimenter knowing the nature of
the ambient water. For blind testing, the nature of
the preceding training was not revealed to the ex-
perimenter until after the termination of the ex-
periment. With respect to data on respiratory

pumping, we have reported previously that there
are no significant differences between data gath-
ered from experiments using blind and nonblind
procedures (Levy and Susswein 1990; Levy et al.
1994b). For swimming and inking, casual analysis
of the data also showed no obvious differences
between data from blind and nonblind procedures.
For these reasons, in the analyses presented below,
data from both blind and nonblind procedures
were combined.

MEASUREMENTS OF THRESHOLD

Respiratory pumping, swimming, and inking
were measured during a 10-min exposure to vari-
ous increases (110%, n = 23; 120%, n = 40; 125%,
n = 18; 130%, n = 19; 140%, n = 21) and decreases
(90%, n = 19; 85%, n = 20; 80%, n = 20; 75%,
n = 15) in seawater concentration, as well as de-
creases in pH (7.5, n = 15; 7.0, n = 32; 6.5, n = 15;
6.0, n = 26; and 5.5, n = 12). The values were com-
pared with those measured in 111 control animals
that were observed for 10 min in 100% (pH 7.8)
seawater.

Results

Previous experiments have shown that shock
and exposure to altered seawaters (hypertonic, hy-
potonic, and low pH seawaters) lead to increases
in three defensive responses: (1) respiratory pump-

Figure 1: Training procedures. Before
all training procedures, the rate of respi-
ratory pumping, as well as the presence
of swimming and inking, were measured
during 10 min in 100% (pH 7.8) seawater
(Before Training). Animals were then
transferred to a second chamber, where
they received one of four treatments:
UCS and CS paired, UCS and CS un-
paired, UCS alone, or CS alone. Exposure
during a treatment to the CS, an altered
seawater (85%, 120%, or pH 7.0 seawa-
ter), is depicted by a shaded bar, whereas
the presence of normal seawater is de-
picted by an open bar. The UCS, shock,
is depicted by an arrowhead. The ani-
mals remained in the training chamber
for 5 min. Inking and swimming (but not
respiratory pumping) in response to the training procedures were noted. The animals were then transferred for 1 hr to a
new chamber of 100% seawater. Respiratory pumping, swimming, and inking were measured during the first and last 10
min of this hour. At the end of the hour, animals were transferred to a test chamber with an altered seawater concentration.
Respiratory pumping, swimming, and inking were measured during 10 min in this solution. Responses during this period
were compared with those in naive animals, which had not been trained.

Levy and Susswein
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ing, (2) escape swimming, (3) inking (Levy et al.
1993). Previous data (Levy and Susswein 1990;
Levy et al. 1994b) also examined the effects of a
number of training procedures on one of these
defensive responses, respiratory pumping. The
previous studies did not examine whether the
training procedures also affect swimming or ink-
ing. We now present data on the effects of various
training procedures on swimming and inking and
compare these data to those on respiratory pump-
ing.

PAIRING-SPECIFIC FACILITATION IS RESTRICTED
TO RESPIRATORY PUMPING

We re-examined the data from the previous
experiments to determine whether any of four
training procedures (paired, unpaired, UCS alone,
CS alone; Fig. 1) elicits changes in respiratory
pumping, swimming, or inking when animals are
tested for 10 min in an altered seawater CS 1 hr
after the training. The four training procedures
were applied using three separate stimuli as a CS:
85% seawater, 120% seawater, and pH 7.0 seawa-
ter. For each of these stimuli, respiratory pumping,
swimming, and inking were found to be differen-
tially affected by the four training procedures.

EFFECT ON INKING

Inking differed from respiratory pumping and
swimming in that inking was never observed in any
of the animals tested, in any of the altered seawa-
ters, following any of the four training procedures.
These results suggest that none of the training pro-
cedures is effective in causing animals to ink in
response to an altered seawater. However, an al-
ternate possibility is that the animals did not ink in
response to the altered seawaters because they
were unable to release ink in response to any
stimulus. Because many of the animals had inked in
response to shock delivered during the training
procedure 1 hr previously (see below), it is pos-
sible that the ink gland was depleted or that there
is a refractory period of >1 hr between bouts of
inking. Furthermore, it is possible that animals that
did not ink in response to shock during the training
are unable to ink in response to all noxious stimuli.
To test these possibilities, 16 animals were
shocked in either 120% (n = 10) or pH 7.0 (n = 6)
seawater and were then shocked a second time a 1
hr later in the same altered seawater, to determine
whether they were able to ink. Thirteen of the 16

animals inked in response to the first shock. Nine
of the 13 inking animals subsequently responded
to the second shock as well, whereas 1 of the 3
animals that did not ink in response to the first
shock inked in response to the second shock. To
determine whether the two animals that did not
respond to either shock were able to ink, these
animals were exposed to an additional shock of
200 mA, which is 4 times larger than the shocks
used previously. Both animals inked in response to
the more powerful shock. These data indicate that
animals are generally able to ink 1 hr after being
shocked, independent of whether or not the shock
induces inking. Thus, the lack of inking in re-
sponse to altered seawater most likely reflects a
failure of the altered seawater stimulus to induce
inking, rather than an inability of the animals to
ink.

PAIRING SPECIFICITY

For respiratory pumping and swimming, we
reexamined the previously published data (Levy
and Susswein 1990; Levy et al. 1994b) to compare
the response in altered seawaters following paired
versus unpaired shock, to determine whether
these behaviors are increased as a specific result of
pairing (Fig. 2). Pairing shock with either 85%,
120%, or pH 7.0 seawater was found to cause in-
creases in the respiratory pump rate when animals
are re-exposed to the same altered seawater a 1 hr
later, with respect to the values seen when the two
stimuli are presented unpaired [for 85% seawater,
P = 0.013, t(30) = 2.63; for 120% seawater, P =
0.011, t(32) = 2.70; for pH 7.0 seawater, P = 0.012,
t(26) = 2.71; two-tailed t-tests]. In contrast, there
were no significant differences between swimming
in animals that had experienced paired and un-
paired shock [for 85% seawater, P = 0.82, x2(1) =
0.05; for 120% seawater, P = 0.92, x2(1) = 0.01; for
pH 7.0 seawater, P = 0.85, x2(1) = 0.04; x2 tests].

SENSITIZATION

The possible sensitization of either respiratory
pumping or of swimming by the preceding shock
was examined by comparing the responses after
shock (unpaired or alone) with those seen in naive
animals, during a 10-min exposure to the altered
seawater solutions (Fig. 2). There were no signifi-
cant differences in respiratory pumping between
naive animals and animals that had been shocked
previously, for any of the three altered seawaters
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(P > 0.30, t < 1.01). In contrast, there were signifi-
cant increases in swimming in 85% [P = 0.040, x2

(1) = 4.21] and in 120% seawaters [P = 0.007,
x2(1) = 7.24] after shock, either alone or unpaired
(data were combined from these two groups).
There was no significant increase in swimming in
pH 7.0 seawater [P = 0.15, x2(1) = 2.06].

The experiment above indicated that shock
causes a sensitization of swimming, but not of res-
piratory pumping, when animals are exposed 1 hr
later to 85% or 120% seawater. A second experi-
ment was performed to replicate this finding. In
this experiment, respiratory pumping and swim-
ming were examined when animals were im-
mersed for 10 min in either 85% (n = 13) or 120%
(n = 12) seawater. Twenty-four hours later, these
animals were shocked in 100% seawater, as de-
scribed above. One hour after the shock, the re-
sponse to 10 min of immersion in either 85% or
120% seawater was tested again. Data were com-
pared with those collected 24 hr earlier, before
animals had been shocked. Shock was not found to
cause an increase in the rate of respiratory pump-
ing in either 85% [P = 0.60, t(12) = 0.54] or 120%
seawater [P = 0.180, t(11) = 1.43; two-tailed
paired t-tests]. In contrast, after the shock, 3 of 13
animals swam in response to 85% seawater, and 3
of 12 animals swam in response to 120% seawater,
whereas no swimming was seen in response to
either stimulus before the shock. The difference in
swimming before and after shock was significant
[P = 0.005, x2(1) = 7.89; values for 85% and 120%

seawaters were combined]. These data confirm the
finding that shock sensitizes swimming but not res-
piratory pumping.

UNCONDITIONED RESPONSES
TO ALTERED SEAWATERS

The previous experiment showed that pairing
an altered seawater with shock causes increases in
respiratory pumping and swimming. The increases
in respiratory pumping are dependent on the pair-
ing of shock with an altered seawater, whereas the
increases in swimming are dependent on shock
alone. Increases in inking do not occur. The differ-
ences in the effects on the three defensive re-
sponses could be explained in two ways. (1) The
different training procedures differentially affect
the various neural circuits that separately control
each of the three defensive responses. The circuit
controlling respiratory pumping is affected as a re-
sult of pairing, and the circuit affecting swimming
is sensitized by shock, whereas the inking circuitry
is unaffected by the training procedures. (2) The
various training procedures affect a single site that
responds to altered seawaters and that controls the
activation of all three defensive behaviors. How-
ever, the three behaviors are affected at different
thresholds. Low levels of noxious stimulation are
sufficient to elicit only swimming. Higher levels of
stimulation are needed to also cause an increase in
respiratory pumping, whereas still stronger nox-

Figure 2: Respiratory pumping and swim-
ming in altered seawaters after conditioning.
The effects of four treatments are shown on
respiratory pumping and swimming in re-
sponse to exposure to 85%, 120%, or pH 7.0
seawaters. Treatments occurred an hour be-
fore the tests shown in the figure. (Paired)
Shock delivered in an altered seawater; (Un-
paired) exposure to an altered seawater fol-
lowed by shock; (Shock) exposure to a shock
delivered in 100% seawater; (85%, 120%, or
pH 7.0 seawater) exposure to one of these
altered seawaters. Respiratory pumping and
swimming in naive animals exposed to the
three altered seawaters is also shown
(shaded bars). For respiratory pumping, S.E.s
are shown. The data show pairing-specific
increases in respiratory pumping in response
to all three altered seawaters, as well as sen-
sitization of swimming in response to 85%
and 120% seawaters.
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ious stimuli are needed to induce inking. Shock
alone elicits a mild sensitization of the site that
controls all three behavior. This is sufficient to
cause sensitization of swimming in response to an
altered seawater 1 hr later but not to elicit an in-
crease in respiratory pumping or inking. Shock
paired with an altered seawater elicits a more pow-
erful, pairing-specific facilitation of this site. This
leads to an increase in respiratory pumping in re-
sponse to altered seawaters, but the facilitation is
still insufficient to elicit inking in response to al-
tered seawaters.

If the latter hypothesis is correct, one would
predict that in naive, untrained animals the thresh-
old for eliciting swimming in response to any nox-
ious stimulus will be lower than is the threshold for
facilitating respiratory pumping or inking. In addi-
tion, the threshold for facilitating respiratory
pumping will be lower than is that for eliciting
inking. We tested this prediction by measuring the
thresholds needed to elicit an increase in respira-
tory pumping and to elicit swimming or inking in
response to a number of different noxious stimuli
(Fig. 3). Previous studies (Levy et al. 1993) have
shown that changes in seawater concentration, as
well as a decrease in pH, affect all three defensive
behaviors, presumably because these are noxious
stimuli. For these tests, animals were immersed for
10 min in either 100% (pH 7.8 seawater) or in
seawaters of increased (110%, 120%, 125%, 130%,
140%) or decreased (90%, 85%, 80%, 75%) concen-
tration or in low-pH seawaters (pH: 7.5, 7.0, 6.5,
6.0, 5.5). We noted whether animals responded at
any time during the 10-min exposure by swimming

or inking, as well as counting the number of res-
piratory pumps. To examine the thresholds for
swimming and inking, a series of x2 tests examined
whether the percent occurrence of the behavior in
an altered seawater is different from that in 100%
(pH 7.8) seawater. For respiratory pumping, a one-
way analysis of variance was performed for each of
the three stimuli (increase and decrease in seawa-
ter concentration and decrease in pH). A Duncan’s
post hoc test (a = 0.05) was then used to deter-
mine which stimuli elicited responses that were
significantly different from that in 100% (pH 7.8)
seawater.

Our data did not support the hypothesis that
the three defensive responses are differentially
regulated by differences in threshold, because the
threshold for swimming was not systematically
lower than that for respiratory pumping and ink-
ing, and the threshold for respiratory pumping was
not always lower than that for inking.

For a decrease in seawater concentration, the
threshold for eliciting changes in any of the three
defensive behaviors was the same. All three behav-
iors were significantly increased only in 75% sea-
water [for swimming, P < 0.001, x2(1) = 79.34; for
inking, P < 0.001, x2(1) = 10.15].

For an increase in seawater concentration, the
threshold for eliciting swimming and an increase in
respiratory pumping was the same, 125% seawater
[in 125% seawater, for swimming, P = 0.0002,
x2(1) = 13.35; in 120% seawater, P = 0.06, x2(1)
= 3.5], whereas the threshold for eliciting inking
was higher, 140% seawater [P < 0.001, x2(1) =
15.04].

Figure 3: Defensive behaviors elicited by
the graded application of three stimuli. The
thresholds required to elicit swimming, res-
piratory pumping, and inking were mea-
sured by stimulating animals with different
levels of seawater of increased and de-
creased concentration and with different
levels of seawater with a decreased pH.

DIFFERENTIAL CONDITIONING OF APLYSIA DEFENSE
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For a decrease in pH, the threshold for eliciting
swimming was pH 7.0 (P < 0.001, x2(1) = 11.68),
whereas an increase in respiratory pumping and
inking were both elicited at pH 6.5 [for inking,
P < 0.001, x2(1) = 11.17].

UNCONDITIONAL RESPONSES

The data on thresholds for eliciting defensive
responses support the suggestion that respiratory
pumping, swimming, and inking can be separately
controlled. This finding is consistent with the sug-
gestion that a classical conditioning procedure dif-
ferentially affects the three defensive responses.
Further support that the three defensive responses
are differentially regulated was gathered by exam-
ining the dynamics of the three defensive behav-
iors in response to shock delivered as an UCS (ei-
ther alone, paired, or unpaired with an altered sea-
water) during the training. Previous data have
shown that shock elicits increased respiratory
pumping, and the pump rate remains elevated for
some time after the shock. The pump rate returns
to control values 40–50 min after the shock (Levy
and Susswein 1990; Levy et al. 1993). We exam-
ined whether similar dynamics also were seen for
inking and swimming following the shock.

INKING

Inking differed from respiratory pumping and
swimming in that animals inked only immediately
after being shocked. No subsequent inking was
seen during the first or last 10 min of the subse-
quent hour, when animals were immersed in 100%
seawater. There were significant differences in the
likelihood to ink in response to shock that was
delivered alone, paired, or unpaired with an al-
tered seawater [P < 0.001, x2(2) = 12.4]. Shock de-
livered alone or unpaired elicited inking in 44% of
all animals, whereas shock delivered in an altered
seawater elicited inking in 70% of the animals. Data
were similar for shock delivered in the three al-
tered seawaters (85%, 120%, and pH 7.0 seawater).

RESPIRATORY PUMPING

Most of the animals responded to shock with
respiratory pumping, although the rate could not
be reliably measured, because the animal was often
obscured by ink. For all seven treatments (shock
alone, paired with pH 7.0, with 85% or with 120%
seawater, and unpaired with the three altered sea-
waters), the respiratory pump rate remained sig-

nificantly elevated over control levels during the
first 10 min in 100% seawater (Fig. 4). Respiratory
pumping returned to control levels during the last
10 min in 100% seawater.

SWIMMING

Swimming differed from respiratory pumping
in that only ∼5% of the animals responded by swim-
ming immediately after being shocked. Significant
increases in swimming over control values were
also seen in all seven groups during the first 10 min
after animals were returned to 100% seawater (Fig.
4). Swimming declined to baseline values in all
seven groups by the last 10 min in 100% seawater.

These data confirm that respiratory pumping,
swimming, and inking are differentially affected by
shock. Large increases in respiratory pumping and
inking are elicited by the shock. Respiratory pump-
ing and swimming are maintained at significantly
elevated rates for some time after animals are re-
turned to 100% seawater, whereas inking is seen
only immediately following the shock.

DIFFERENTIAL INITIATION OF DEFENSIVE
RESPONSES

The data above are consistent with the hypoth-
esis that respiratory pumping, swimming, and ink-
ing can be separately controlled. If this is so, one
might predict that different environmental condi-
tions could change the likelihood to respond with
a particular defensive response. We examined this
possibility.

We reasoned that swimming is an appropriate
defensive response in an open environment, be-
cause swimming will effectively move the animals
away from a noxious stimulus. In contrast, respira-
tory pumping may be a more appropriate response
in an enclosed space, in which animals are unable
to locomote over any substantial distance but may
be able to pump away a noxious solution. Accord-
ingly, in this experiment we allowed animals a pe-
riod of time to explore the space about them that
is potentially available for escape locomotion and
then presented them with a noxious stimulus. We
tested whether there is an increase in swimming in
an open space and an increase in respiratory
pumping when animals are in a closed space.

In this experiment, the effects of four noxious
stimuli were examined: (1) shock delivered to the
head, (2) pH 6.0 seawater, (3) 140% seawater, and
(4) application to the aquarium of ink that was
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secreted by another animal. These stimuli were de-
livered in two environments. In one, the animals
were kept individually in small (12 × 12 cm) plastic
mesh cages that were immersed in larger tanks
(20-liter in volume). In the other, an animal was
free to locomote in the large 20-liter tanks. In both
conditions, each animal was placed in the 20-liter
tank 24 hr before a noxious stimulus was applied.
One hour before being stimulated, an animal was
either placed in the small cage or was left free in
the large tank. Respiratory pumping and swimming
were measured for 10 min after the noxious stimuli
were applied.

The results were consistent with the hypoth-
esis that swimming is facilitated when space is
available for escape and respiratory pumping is fa-
cilitated when no space is available (Fig. 5). There
were significant increases in respiratory pumping
in the closed space in response to two noxious
stimuli (140% seawater and ink), with no signifi-

cant differences in response to the additional two
stimuli (shock and pH 6.0 seawater). There were
also significant increases in swimming in the open
space in response to three stimuli (pH 6.0 and
140% seawaters and ink), with no difference seen
in response to shock.

These data support those above that indicated
that Aplysia can selectively regulate the different
defensive responses.

Discussion

Respiratory pumping was initially identified as
an intermittent, coordinated pattern of synaptic ac-
tivity that could be recorded from many neurons in
the isolated abdominal ganglion of Aplysia. The
pattern was attributed to the firing of an unidenti-
fied neuron (or groups of neurons) in the Aplysia
abdominal ganglion that was termed Interneuron II

Figure 4: Defensive behaviors elicited by
shock during and subsequent to the train-
ing. Animals were examined for 10 min
before receiving one of seven treatments.
(A) Animals were shocked in 100% sea-
water. (B–D) Animals were pre-exposed
for 5 min to one three altered seawaters (B,
dark-shaded bar; pH 7.0; C, medium-
shaded bar, 85%; D, light-shaded bar,
120%), then transferred to 100% seawater
where they were shocked. (E–G) Animals
were shocked in one of the three altered
seawaters (E, dark-shaded bar, pH 7.0; F,
medium-shaded bar, 85%; G, light-shaded
bar, 120%). After this treatment, animals
were transferred to a new chamber of
100% seawater. Data are shown sepa-
rately for respiratory pumping (means and
S.E.s of the number of pumps in each 10-
min period) and swimming (percent of the
animals tested that responded with this be-

havior) during the 10 min before the training, during the training in which they were shocked, and during the first and last
10 min of the hour in 100% seawater after the training. For each of the seven experimental treatments shown, respiratory
pumping during the first and last 10 min in 100% seawater was compared with respiratory pumping before the training
procedure. All seven comparisons were significant for the first 10 min in altered seawater [for shock alone, t(32) = 8.88;
for pH 7.0 unpaired, t(24) = 5.14; for pH 7.0 paired, t(28) = 6.09; for 85% unpaired, t(14) = 3.29; for 85% paired,
t(14) = 6.53; for 120% unpaired, t(32) = 6.55; for 120% paired, t(32) = 6.04; for all seven tests, P < 0.001; two-tailed
t-tests], whereas none of the seven comparisons was significant during the last 10 min in altered seawater (P ù 0.10,
t ø 1.7). For each of the seven treatments, a x2 test was used to determine whether swimming was increased over baseline
values during either the first or the last 10 min in 100% seawater. All seven treatments led to a significant increase in
swimming during the first 10 min (for shock alone, x2 = 28.22; for pH 7.0 unpaired, x2 = 14.44; for pH 70 paired,
x2 = 4.05; for 85% unpaired, x2 = 8.90; for 85% paired, x2 = 8.76; for 120% unpaired, x2 = 37.81; for 120% paired,
x2 = 58.22; for all seven tests, P < 0.05; x2 tests with 1 df) but no significant increase during the last 10 min (P ù 0.31,
x2 ø 1.02).
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(Kandel et al. 1967). Later studies showed that this
neural pattern is correlated with a distinct behavior
characterized by contraction of the gill and siphon,
inhibition of the heart, and closing of the parapo-
dia (Kupfermann and Kandel 1969; Peretz 1969;
Koester et al. 1974; Kupfermann et al. 1974; Jahan-
Parwar and Fredman 1978; Peretz 1969; Perlman
1979; Sawada et al. 1981). Because the pattern
seemed to be designed to flush the cavity sur-
rounding the gill with fresh seawater, while simul-

taneously pumping fresh hemolymph through the
gill, the behavior was assumed to have a respira-
tory function and was therefore named respiratory
pumping (Kandel 1976). Subsequent studies have
shown that the rate at which the behavior occurs is
modulated by a number of different types of envi-
ronmental stimuli (Koester et al. 1979; Croll 1985;
Levy et al. 1989, 1993, 1994a, 1997a,b; Kanz and
Quast 1990, 1992), and the behavior may have a
number of different functions. Noxious stimuli that
elicit other defensive behaviors such as the gill
withdrawal reflex or inking also facilitate respira-
tory pumping (Walters and Erickson 1986; Levy et
al. 1993), indicating that one of its functions is
defensive. Neurophysiological studies have suc-
ceeded in identifying the L25 and R25 cells (Byrne
1983; Koester 1989), which act as both command
cells and central pattern generators for respiratory
pumping. These neurons directly activate many
motor neurons that innervate the gill, siphon, para-
podia, and heart. Additional neurons whose firing
can modify the L25 and R25 neurons have also
been identified (Schaefer and Brownell 1986;
Alevizos et al. 1989, 1991; Cleary and Byrne 1993).

In this paper we have examined whether train-
ing Aplysia with a classical conditioning procedure
affects three defensive responses. In this proce-
dure, animals were exposed to a CS (an altered
seawater) that did not elicit defensive responses.
This stimulus was paired with a UCS (shock) that
did elicit such responses. The conditioning proce-
dure caused a pairing-specific increase in only one
defensive response, respiratory pumping. A sec-
ond response, swimming, was sensitized by the
UCS, either alone, or paired or unpaired with the
CS. The third response, inking, was unaffected by
the training procedure. These data indicate that
the pairing-specific conditioning is likely to arise as
a result of changes that occur at a neural site that
differentially affects respiratory pumping, rather
than at a site that controls all three defensive re-
sponses in tandem. Differential regulation of the
three defensive behaviors was also expressed in
three additional ways: (1) There were differences
in the relative thresholds of the defensive re-
sponses to various altered seawaters; (2) the UCS,
shock, elicited the three defensive responses with
different temporal patterns, and (3) there were dif-
ferences in the response to noxious stimuli that
were presented in open versus closed environ-
ments. These data confirm that neural pathways
exist that allow Aplysia to modulate and separately
control each of the three defensive behaviors.

Figure 5: Respiratory pumping and swimming are dif-
ferentially affected in open (shaded bars) and closed
(open bars) spaces. Animals were stimulated with one of
four noxious stimuli: shock, pH 6.0 seawater, 140% sea-
water, or ink collected from another animal. The num-
ber of respiratory pumps in response to the stimulus, as
well as the time spent swimming, were then measured
over a 10-min period. These measurements were made
in a large, open space, as well as in a small cage that was
immersed within the open space. There was no signifi-
cant difference in respiratory pumping between animals
in open and closed spaces when the animals were
shocked [P = 0.19, t(10) = 0.92] or were exposed to pH
6.0 seawater [P = 0.2, t(12) = 0.86]. However, there was
significantly more respiratory pumping in the closed
space in animals that were stimulated with 140% sea-
water [P = 0.001, t(14) = 3.77] or with ink [P = 0.04,
t(10) = 1.97]. For swimming, there was no significant
difference between open and closed spaces in animals
that had been shocked [P = 0.40, t(10) = 0.87], but
swimming was significantly increased in open spaces in
response to pH 6.0 seawater [P = 0.04, t(12) = 1.92],
140% seawater [P = 0.001, t(14) = 3.77] and ink
[P = 0.03, t(10) = 2.24; all comparisons are one-tailed
t-tests]. These data show that environmental conditions,
such as whether animals are in closed or open areas, can
differentially affect the likelihood of animals to respond
to a stimulus by swimming or by respiratory pumping.
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DIFFERENTIAL EFFECTS OF CONDITIONING

Pairing head shock with any of three altered
seawaters causes an increase in respiratory pump-
ing when animals are re-exposed to the same al-
tered seawater 1 hr after training (Fig. 2; Levy and
Susswein 1990; Levy et al. 1994b). This facilitation
can be attributed to classical conditioning, in
which an altered seawater represents a CS, and
shock is the UCS. A change in respiratory pump-
ing, the conditioned response (CR), is also elicited
as an unconditional response (UCR) to shock (Fig.
4), as well as to higher intensities of the altered
seawaters (Fig. 3), but not to the specific altered
seawaters used as CSs in the training procedure
(Levy et al. 1989, 1993). The increase in respiratory
pumping in response to the CSs is not seen follow-
ing training with either the CS or the UCS alone or
following an unpaired presentation of the two
stimuli (Fig. 2).

Swimming and inking are not affected in the
same manner as is respiratory pumping. The con-
ditioning procedure leads to an increase in swim-
ming in response to all three CSs examined, similar
to that seen for respiratory pumping. However,
this increase is also seen after a shock that is pre-
sented either alone or unpaired with the altered
seawaters, thereby indicating that the increase in
swimming is caused by sensitization as a result of
shock (Fig. 2). In contrast to the effects on respi-
ratory pumping and swimming, neither the condi-
tioning procedure nor shock alone causes an in-
crease in inking in response to the three stimuli
tested. We cannot exclude the possibility that
some of the training procedures might have af-
fected inking in response to stimuli that were not
tested. The thresholds for inking could have been
lowered from those in naive animals but were not
lowered to such an extent that the stimuli tested
would elicit inking. This possibility is unlikely for
the response to a decrease in pH, because the
threshold stimulus for inking in naive animals is
close to the stimulus used as a CS in our study.
However, for increases and decreases in seawater
concentration, thresholds could have been
changed to values between those tested and those
in naive animals.

A number of additional associative learning
procedures that affect defensive responses have
been demonstrated in Aplysia. In one classical con-
ditioning paradigm, illumination of the siphon was
used as a CS, which was paired with touch of the
gill. After pairing, light elicited the CR, gill with-

drawal (Lukowiak and Sahley 1981). In another
paradigm, touch to the siphon was paired with tail
shock (Carew et al. 1981). After pairing, tactile
stimulation of the siphon produced larger with-
drawal reflexes than previously. Subsequent stud-
ies showed that electrical shocks delivered to dif-
ferent parts of the body elicit somewhat different
siphon withdrawal responses (Walters and Erick-
son 1986). Pairing siphon touch with either tail or
mantle stimulation caused a change in the form of
the siphon movement, so that it resembled that
elicited by the UCS (Hawkins et al. 1989; Walters
1989). Thus, pairing affects only a specific defen-
sive siphon movement, rather than all such move-
ments. However, these studies did not examine the
possible effects of the training paradigm on behav-
iors other than siphon withdrawal. In contrast,
other studies (Walters et al. 1979, 1981) paired
shock with the presence in the water of a shrimp
extract. After multiple pairings, animals reacted as
though fearful when re-exposed to the shrimp.
Fear was demonstrated by pairing-specific in-
creases in crawling, head withdrawal, siphon with-
drawal, and inking, as well as by inhibition of feed-
ing, in the presence of shrimp extract. Our training
procedure is relatively similar to this procedure. In
both, a chemically altered seawater (either flavored
with shrimp or via changes in salinity or pH) is
paired with shock. Nonetheless, we found no in-
creases in inking on exposure to altered seawater,
and the increase in locomotion (swimming) that
we observed was not contingent on pairing. It is
possible that shrimp extract stimulating the head
modulates different defensive responses than do
altered seawaters, which are sensed by the osphra-
dium (Croll 1985; Levy and Susswein 1993). A sec-
ond possibility is that learned fear arises from the
multiple pairings, whereas we examined the effect
of only a single pairing. An additional possibility is
that learned fear does not affect the three defensive
responses that we examined.

A number of nonassociative learning tasks that
affect defensive responses in Aplysia also produce
effects that are restricted to a small subpopulation
of stimuli. For example, habituation of the gill
withdrawal reflex that is elicited by repeated
stimulation of the siphon does not generalize to
stimulation of the mantle, and vice versa (Carew et
al. 1971). In addition, both short-term and long-
term habituations of siphon withdrawal that is elic-
ited by stimulating one side of the tail do not gen-
eralize to stimuli delivered across the midline of
the animal (Stopfer et al. 1996). Shocks delivered
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to one side of the body also elicit long-term sensi-
tization that is restricted to stimuli delivered ipsi-
laterally, whereas contralateral stimuli are not sen-
sitized (Scholz and Byrne 1987; Walters 1987). In
these studies intracellular recordings from reduced
preparations confirmed that some of the neural
changes underlying the plasticity are localized to
sites that control narrow, local responses, rather
than occurring at sites that control many aspects of
a defensive behavior.

DIFFERENTIAL RESPONSES OF DEFENSIVE
BEHAVIORS

Two hypotheses were proposed to account for
the differential effects of conditioning on the three
defensive behaviors. (1) Aplysia can control each
defensive behavior separately. Plasticity occurs in
circuit elements that separately control each be-
havior. (2) Aplysia control the three defensive be-
haviors as a unit, but differences in the threshold
for eliciting each behavior give rise to differences
in the expression of the three behaviors. Both
shock alone and the classical conditioning proce-
dure affect a neural site that controls all three be-
haviors. Differences in the effect of shock and of
conditioning on the three behaviors arise from dif-
ferences in the relative efficacy of shock and of
classical conditioning in facilitating this common
site.

Our data strongly support the first hypothesis,
because differential control of the three behaviors
was observed in a number of experiments.

DIFFERENCES IN THRESHOLD TO ALTERED SEAWATERS

If the three defensive responses are controlled
at a common site but at different thresholds, one
would expect that the relative threshold for acti-
vating each defensive response remains constant.
For all stimuli that initiate defensive responses, the
threshold for one response should consistently be
the lowest, the threshold for a second response
should be intermediate, and the threshold for the
third response should be the highest. However,
when the thresholds for the three defensive re-
sponses were examined when animals were chal-
lenged with three different noxious stimuli, the
relative thresholds did not remain constant (Fig. 3).
In response to a decrease in pH, the threshold for
swimming was lower than that for respiratory
pumping and inking, which were the same. In con-
trast, in response to an increased seawater concen-

tration, the threshold for respiratory pumping and
swimming were the same and were lower than that
for inking. In response to a decrease in seawater
concentration, all three defensive responses had
the same threshold.

DIFFERENTIAL RESPONSE TO SHOCK

The training procedure used head shock as a
UCS, allowing us to determine whether this nox-
ious stimulus differentially affects the three defen-
sive behaviors that were examined. Head shock
affected all three of the defensive behaviors, but
there were major differences in the patterning of
each behavior. Immediately after head shock, ink-
ing was elicited in >50% of all animals, whereas
swimming was elicited in only ∼5% of the animals
(Fig. 4). Head shock also elicited a large increase in
respiratory pumping, but the number of pumps
was not quantified. Previous data (Walters and
Erickson 1986) showed that respiratory pumping
accompanies ink release, and at least some of the
respiratory pumping in response to shock is likely
to have this function. The relative lack of swim-
ming in response to shock probably reflects our
use of head shock rather than tail shock. Noxious
stimuli elicit turning that leads to locomotion away
from the irritating stimulus (Walters and Erickson
1986). Because Aplysia are only able to swim for-
ward, swimming would move animals toward the
noxious stimulus.

Subsequent to the shock, both swimming and
respiratory pumping were seen when animals
were transferred to 100% seawater, whereas inking
was not seen at this time. The increase in respira-
tory pumping and swimming declined over the
hour in 100% seawater, and by the end of the hour,
respiratory pumping and swimming were at con-
trol levels. Thus, inking differs from respiratory
pumping and swimming in that it is elicited briefly
immediately following a noxious stimulus, but not
subsequently.

DIFFERENCES IN RESPONSE IN OPEN VS.
CLOSED ENVIRONMENTS

Defensive responses were also differentially af-
fected by the size of the container in which nox-
ious stimuli were delivered (Fig. 5). Stimuli were
more likely to elicit swimming in a larger area,
where space is available to escape from the stimu-
lus, whereas respiratory pumping was more likely
in a smaller space. Aplysia could potentially use a
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number of cues to determine the size of the space
available. It was not our goal to identify these
stimuli, merely to show that animals can differen-
tially control defensive responses. However, an in-
triguing possibility is that animals locomoted and
explored the experimental space during the hour
preceding the application of a noxious stimulus.
This activity may provide the animals with infor-
mation regarding the dimensions of their local en-
vironment, and animals may use this information in
deciding which defensive response to elicit when
subsequently challenged with a noxious stimulus.
This is the first indication that Aplysia may have an
internal representation of their local environment
and that this representation can affect the animal’s
behavior. Additional studies (M. Botzer and A.J.
Susswein, unpubl.) have shown that the total time
budgeted to swimming is reduced in a small con-
tainer, with respect to that seen in a larger con-
tainer. However, we have not ruled out the possi-
bility that stimuli not directly related to the size of
the space and the animal’s previous exploration of
it might also contribute the ability of an animal to
distinguish between an open and closed environ-
ment. For example, small differences in the local
turbulence or in local concentrations of dissolved
substances might be somewhat different in the
open versus closed environments. One stimulus
that is unlikely to signal to the animal its presence
in a smaller environment is its encountering the
wall of the container, because previous studies
have shown that A. fasciata will continue swim-
ming straight into the wall of an aquarium for many
hours (Ziv et al. 1991).

It is important to note that the size of the con-
tainer did not affect the defensive response chosen
to all of the noxious stimuli. The response to shock
was unaffected by the size of the container,
whereas the responses to 140% seawater and to ink
were strongly affected. Our use of ink to elicit de-
fensive responses is of particular interest, as this
indicates that Aplysia are able to sense the pres-
ence of ink in the environment and use this stimu-
lus as a signal for initiating defensive responses. A
previous report (E.T. Walters, P.A. Illich, and C.
Hickie, unpubl.) mentions that ink can trigger lo-
comotion in a quiescent Aplysia, as well as causing
enhanced escape behavior and head withdrawal.
In contrast, ink has been shown to inhibit siphon
withdrawal in response to tail stimulation (Stopfer
et al. 1993). This has been interpreted as a facilita-
tion of inking in response to tail stimulation (Nolen
et al. 1995). The ink is directed toward the tail via

siphon movements that are incompatible with
withdrawal movements (Illich et al. 1994).

SWIMMING AND RESPIRATORY PUMPING AS MUTUALLY

EXCLUSIVE BEHAVIORS

Respiratory pumping and swimming both af-
fect a common motor organ, the parapodia. How-
ever, the two behaviors cause different move-
ments. Respiratory pumping produces a contrac-
tion, whereas swimming is caused by cyclical
parapodial flapping (von der Porten et al. 1980).
Therefore, it is likely that these behaviors may be
mutually exclusive. A previous study found that
respiratory pumping was never observed simulta-
neously with swimming (Levy et al. 1994a), sug-
gesting that the neural circuits organizing respira-
tory pumping and swimming may inhibit one an-
other. If this is so, the individual control and
modulation of these behaviors by different stimuli
and by learning could be a trivial consequence of
their mutual inhibition. However, a number of ob-
servations have shown that stimuli can simulta-
neously facilitate both respiratory pumping and
swimming, in spite of their never occurring at pre-
cisely the same time, indicating that the separate
effects of training on these behaviors cannot be
explained by their mutual inhibition. First, both
respiratory pumping and swimming are elevated
after shock, during the first 10 min after animals
are restored to 100% seawater (Fig. 4). Second,
both behaviors are facilitated in response to
changes in the seawater concentration or to a de-
crease in pH (Fig. 3). Third, after paired training
both behaviors are facilitated (Fig. 2), although the
increase in respiratory pumping is pairing specific,
whereas the increase in swimming is not. These
data show that facilitation of mutually inhibitory
behaviors can and does occur, provided that the
behaviors are not expressed precisely simulta-
neously.

RELATIONSHIP BETWEEN CRs AND UCRs

Traditional descriptions of classical condition-
ing emphasized that pairing of the CS and UCS
leads to a new CR that is elicited by the CS. This
new response, termed the b response, is generally
similar to the UCR elicited by the UCS. In some
cases, pairing between the CS and UCS causes an
amplification of the pre-existing a response that is
elicited by the CS before conditioning (Schreurs
1989). Both a and b conditioning have been
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shown to affect Aplysia defensive behaviors
(Carew et al. 1981, 1983; Hawkins et al. 1989; Wal-
ters 1989). A number of neural models have been
proposed to account for both a and b conditioning
of Aplysia defensive responses (Hawkins et al.
1989; Walters 1989).

Conditioning that arises from pairing an al-
tered seawater with head shock is not easily clas-
sified as either a or b conditioning. The learning
differs from a conditioning in that the concentra-
tions of altered seawaters used do not elicit in-
creased respiratory pumping above that seen in
normal seawater, although higher concentrations
do. However, higher concentrations of altered sea-
waters also elicit swimming and inking, whereas
the conditioning procedure only facilitates respira-
tory pumping. The learning also differs from b con-
ditioning, because shock elicits all three defensive
responses. Thus, the CR in our learning paradigm
differs from those elicited before conditioning by
either the CS or UCS. Classical conditioning in
which the CR differs substantially from the UCR
(or is opposite in sign to the UCR) has also been
described in other systems (Turkkan 1989).

POSSIBLE SITES OF PLASTICITY

The data above, coupled with those presented
previously (Levy et al. 1994b), indicate that classi-
cal conditioning of respiratory pumping occurs at
neural sites that receive convergent input from
some, but not all, altered seawaters and that affect
respiratory pumping but not swimming or inking.
These data rule out a number of potential neural
sites at which the conditioning could occur. Previ-
ous studies have shown that altered seawaters are
sensed by the osphradium (Croll 1985; Levy and
Susswein 1993). The primary mechanism causing
plasticity is unlikely to be a neuron-wide change in
afferents in the osphradium that sense altered sea-
waters or a reduced pH, because such changes
would lead to a pairing-specific facilitation of all
defensive responses affected by the afferents. For
this reason, the conditioning is also is unlikely to
be localized in previously identified higher order
neurons that facilitate multiple defensive re-
sponses (Mackey et al. 1989; Cleary and Byrne
1993). The conditioning mechanism is also un-
likely to be localized within the L25 and R25 com-
mand and central pattern generator neurons for
respiratory pumping (Byrne 1983; Koester 1989),
because a previous study showed that conditioning
generalizes between 85% and 120% seawater but

not between these two stimuli and pH 7.0 seawa-
ter (Levy et al. 1994b). If the conditioning were
localized in the L25 and R25 neurons, one would
expect generalization to all stimuli having access to
these cells. It has also been shown that condition-
ing in response to changes in salinity, but not to a
reduced pH, is maintained when the pleural–ab-
dominal connectives are severed (Levy and Suss-
wein 1993). Conditioning in which the CS is a
change in seawater concentration is likely to be
localized in neurons within the abdominal ganglion
that excite the L25 and R25 neurons commanding
respiratory pumping but not interneurons organiz-
ing swimming (McPherson and Blankenship 1991)
or the L14 ink neurons (Carew and Kandel 1977),
and that receive convergent input from receptors
sensing increases and decreases in salinity but not
a decrease in pH. Conditioning in which the CS is
a decreased pH is apparently localized in other
neurons that may be located in the head ganglia
and that receive input from sensors responding to
a decrease in pH but not to changes in salinity. The
neurons responsible for conditioning must also re-
ceive modulatory inputs from head nociceptors
that sense the UCS. To this find such neurons, we
have recently developed a reduced preparation in
which altered seawater stimuli are directly applied
to the osphradium, and respiratory pumping is
monitored via intracellular recordings from a num-
ber of neurons, as well as via gill contraction. In
such a preparation, head shock can be simulated
by electrical stimulation of the pleural–abdominal
connective or by stimulating cerebral or pedal gan-
glion nerves that innervate the head.
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